Unequivocal determination of metal atom oxidation state in naked heme proteins: Fe(III)myoglobin, Fe(III)cytochrome c, Fe(III)cytochrome b5, and Fe(III)cytochrome b5 L47R  by He, Fei et al.
Unequivocal Determination of Metal Atom
Oxidation State in Naked Heme Proteins:
Fe(III)Myoglobin, Fe(III)Cytochrome c,
Fe(III)Cytochrome b5, and Fe(III)Cytochrome
b5 L47R
Fei He, Christopher L. Hendrickson, and Alan G. Marshall
Center for Interdisciplinary Magnetic Resonance, National High Magnetic Field Laboratory, Florida State
University, Tallahassee, Florida, USA
Unambiguous determination of metal atom oxidation state in an intact metalloprotein is
achieved by matching experimental (electrospray ionization 9.4 tesla Fourier transform ion
cyclotron resonance) and theoretical isotopic abundance mass distributions for one or more
holoprotein charge states. The iron atom oxidation state is determined unequivocally as Fe(III)
for each of four gas-phase unhydrated heme proteins electrosprayed from H2O: myoglobin,
cytochrome c, cytochrome b5, and cytochrome b5 L47R (i.e., the solution-phase oxidation state
is conserved following electrospray to produce gas-phase ions). However, the same Fe(III)
oxidation state in all four heme proteins is observed after prior reduction by sodium dithionite
to produce Fe(II) heme proteins in solution: thus proving that oxygen was present during the
electrospray process. Those results bear directly on the issue of similarity (or lack thereof) of
solution-phase and gas-phase protein conformations. Finally, infrared multiphoton irradiation
of the gas-phase Fe(III)holoproteins releases Fe(III)heme from each of the noncovalently bound
Fe(III)heme proteins (myoglobin, cytochrome b5 and cytochrome b5 L47R), but yields
Fe(II)heme from the covalently bound heme in cytochrome c. (J Am Soc Mass Spectrom 2000,
11, 120–126) © 2000 American Society for Mass Spectrometry
The advent of electrospray ionization (ESI) openeda new era in mass spectrometry by generatingintact proteins and their complexes as gas-phase
ions [1, 2]. One of the most intriguing qualities of ESI is
that it typically produces “naked” proteins, with zero
bound water molecules. As a result, there is consider-
able speculation and discussion as to the degree of
similarity between solution-phase and gas-phase (un-
hydrated) proteins [3–8]. In that context, a particularly
interesting class of biomolecules is noncovalent com-
plexes, such as activators or inhibitors (e.g., drugs)
bound to a protein, and protein:protein complexes of
the type encountered in biological regulation of various
cell processes. Although it has been shown that several
such complexes survive electrospray ionization and
remain intact in the gas phase [9–12], it has proved
difficult to probe the gas-phase structure of such com-
plexes by mass spectrometry, because mass spectrome-
try requires a change in mass (and thus energetic
activation) in order to observe a chemical or structural
change. Standard means for activating gas-phase ions
[13], such as collision-induced dissociation (CID) [14,
15], infrared multiphoton dissociation [16], and chemi-
cal reactions [17, 18], tend to deposit so much internal
energy that the conformation of the protein or its
complex can change significantly, so that one cannot be
sure that any observed mass changes reflect the original
protein structure. For example, gas-phase H/D ex-
change is a probe of surface-accessible protons in a
gas-phase protein [5], but attempts to dissociate the
protein to identify segments of greater or lesser acces-
sibility may fail, because if there is enough energy to
dissociate the protein, then there is usually enough
energy to “scramble” the deuterium ions between dif-
ferent exchangeable sites before dissociation [7, 19].
A different entry into the issue of solution-phase vs.
gas-phase protein structure is to determine the oxida-
tion state of the metal atom in a metalloprotein. One
could then find out whether or not the metal atom
oxidation state changes, either during electrospray itself
or on internal energy-activated dissociation of the metal
ion (with its prosthetic group, in the case of a heme
protein) from the gas-phase holoprotein. Also, one could
attempt to change the metal oxidation state in a gas-
phase metalloprotein by exposure to redox reagents, as
a probe of access to the metal site in the protein.
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Unfortunately, prior attempts to establish metal ox-
idation state in metalloproteins have often been incon-
clusive, because of the difficulty in determining protein
mass to within 1 Da (see below). In an early experiment,
Henion used CID to probe the iron oxidation state in
heme expelled from each of several common heme-
binding proteins, by measuring the most abundant
mass of the free heme to determine its iron oxidation
state [20]. However, the metal ion oxidation state could
change on dissociation, so that one cannot rely on that
approach to decide the oxidation state of iron in the
original gas-phase holoprotein. More recently, McLaf-
ferty [5] and Wu [21] reported conflicting results on the
iron oxidation state in gas-phase cytochrome c ions,
based in both cases on high-resolution Fourier trans-
form ion cyclotron resonance (FT-ICR) mass spectrom-
etry [22]. With that approach, the problem is to produce
a well-resolved isotopic distribution for a given holo-
protein charge state, with accurate relative abundances
for the various isotopic species (see below). Here, we
report the unambiguous determination by ESI FT-ICR
mass spectrometry of iron oxidation state in each of
several noncovalent and covalent heme protein com-
plexes. Our success is due in part to our high-field (9.4
tesla) superconducting magnet, which provides for
high mass resolving power, high dynamic range, and
highly stable multiple data acquisitions [23–25].
Heme-binding proteins, including hemoglobin (Hb),
myoglobin (Mb), cytochrome c (Cyt c), and cytochrome
b5 (Cyt b5), constitute an important family whose
diversity of biological functions ranges from oxygen
binding and transport to mitochondrial electron trans-
port, oxidative phosphorylation, and electron transfer
in fatty acid desaturation, cholesterol biosynthesis, and
drug metabolism [26–28]. The prosthetic heme group in
each of these four proteins consists of iron and proto-
porphyrin IX. In hemoglobin, myoglobin, and cyto-
chrome b5, the heme group is noncovalently bound to
the apoprotein by means of van der Waals interactions
of the p-electron system and hydrogen bonding to the
heme propionate groups. In cytochrome c, the heme
group is covalently linked to the protein by two
thioether bonds. For each holoprotein, the central iron
atom has two additional axial coordination sites. In
cytochrome c and cytochrome b5, the two axial sites
coordinate to one histidine and one methionine and two
histidines, respectively; whereas the proximal axial site
in hemoglobin and myoglobin coordinates to histidine
and the distal site is vacant. In solution, the Hb or Mb
distal site may be occupied by H2O, O2, thiolate, qui-
none, etc.
Each of the above four heme proteins can undergo
iron oxidation on exposure to air [28], and reduction if
reducing agents such as dithionite or ascorbic acid are
added. By electrospraying heme proteins from reduced
or oxidized solution-phase forms, we can therefore estab-
lish whether or not the iron oxidation state changes
during the electrospray process. Finally, we perform
infrared multiphoton dissociation of each of the gas-
phase heme proteins to test for any change in metal ion
oxidation state on dissociation to produce free heme.
Experimental
All chemicals except for rat outer mitochondrial cyto-
chrome b5 were purchased from Sigma Chemical (St
Louis, MO) and used without further purification. Cyt
b5 (both wild-type and L47R mutant were kindly pro-
vided by Marshall Pope). To prevent dissociation of
noncovalent heme-binding proteins, solutions were
prepared by dissolving proteins in pure water to a final
concentration of 10 mM. Microelectrospray ionization
was performed by constant infusion at a flow rate of 300
nL/min via a tapered 50 mm i.d. fused silica micro-ESI
needle [29]. Both external and internal calibration
(melittin as internal calibrant) were performed for all
four proteins.
Experiments were performed with a previously de-
scribed homebuilt 9.4 tesla ESI FT-ICR mass spectrom-
eter configured for external ion accumulation [23, 25].
All experiments were controlled by an Odyssey data
station (ThermoQuest, Bremen, Germany). Typical ESI
conditions were needle voltage, 2 kV; heated metal
capillary current, 3.5 A. Ions were accumulated in an
external octopole ion trap for 2–3 s and then transferred
to the ICR cell through a second octopole ion guide.
Both octopoles were operated at 1.5 MHz. A trapping
voltage of 1 V was applied to each end cap of an open
cylindrical ICR cell. For infrared radiation multiphoton
dissociation (IRMPD) experiments, the selected charge
state was isolated by stored-waveform inverse Fourier
transform (SWIFT) excitation [30, 31] and infrared irra-
diation was provided by a cw CO2 laser operated at a
wavelength of 10.6 mm. The ions were then subjected to
broadband excitation (50–300 kHz) and detection (300
kHz Nyquist bandwidth to yield 512 kWord time-
domain data). 500–1000 transients were co-added, then
subjected to baseline correction followed by Hanning
apodization and one zero-fill before Fourier transforma-
tion and magnitude calculation.
Results and Discussion
Determination of Metal Oxidation State in a Gas-
Phase Unhydrated Metalloprotein
For a metalloprotein of known amino acid composition
(including any chemical modifications), determining
the oxidation state of the metal ion reduces the mass of
the protein to the nearest Dalton. For example, the
protoporphyrin IX group bears two negative charges,
and the central iron atom bears two positive [Fe(II)] or
three positive [Fe(III)] charges; hence the heme group as
a whole is neutral or singly positively charged for iron
in the Fe(II) or Fe(III) oxidation state. Electrospray
ionization typically produces multiply protonated pos-
itively charged protein ions. Thus, for a given protein
ion charge state, say 71 for Mb, the mass of the protein
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ion will differ by 1 Da, depending on whether the iron
atom is present as Fe(II) or Fe(III): namely, [MbFe(II) 1
7H]71 vs. [MbFe(III) 1 6H]71. Unfortunately, the only
isotopic species with unique elemental composition,
namely, the so-called “monoisotopic” or lowest mass,
for which all carbons are 12C, all hydrogens are 1H, all
nitrogens are 14N, all oxygens are 16O, all sulfurs are 32S,
and (in this case) iron is 54Fe, is undetectably low in
abundance for a protein of .10,000 Da in mass. Thus,
although FT-ICR mass spectrometry can resolve indi-
vidual isotopic species to within better than 1 ppm (i.e.,
ultrahigh horizontal precision in the mass spectrum)
[32], determination of the most abundant mass (from
which the monoisotopic mass may be calculated) re-
quires accurate isotopic relative abundances (i.e., high
vertical precision in the mass spectrum) so that the
experimental isotopic distribution can be accurately
compared to theoretical distributions corresponding to
Fe(II) or Fe(III) in the present examples. (Of course, the
monoisotopic species may be increased to observable
abundance by expressing the protein from minimal
growth media containing 13C-depleted glucose and
15N-depleted ammonium sulfate [33], but we seek here
a more general approach that does not require prior
isotopic depletion.) The monoisotopic (except that iron
is 56Fe) and most abundant isotopic masses for each of
the four heme proteins are listed in Table 1.
Figure 1 (middle) shows the 17 charge state isotopic
distribution for cytochrome b5 (Cyt b5) holoprotein.
Visual comparison of the most abundant isotopic mass
of the experimental isotopic distribution to theoretical
isotopic distributions for 71 Cyt b5 with Fe(III) (Figure
1, top) and Fe(II) (Figure 1, bottom) clearly shows that
iron in Cyt b5 is in the oxidized Fe(III) state. However,
such visual comparison is not particularly reliable,
because the second most abundant isotopic mass is 94%
as large as the most abundant isotopic mass. Thus, one
might mistake one for the other, particularly in view of
detector noise (independent of signal magnitude) and
counting imprecision (e.g., if N ions are present in one
scan, then one can expect a root-mean-square counting
imprecision of N1/2 if the experiment were repeated
many times). In fact, the statistical variation in number
of ions from scan to scan may be used (in reverse) to
determine the number of trapped ions of that mass-to-
charge ratio [34].
A better approach is to base the comparison on all
(rather than just one) of the above-threshold isotopic
masses. For example, McLafferty and co-workers [5]
based their comparison on a chi-square computation,
including each resolved above-threshold isotopic mass.
Although that criterion works well for comparing ex-
perimental and theoretical isotopic distributions for one
charge state, it is not easy to compare the quality of fit
for different charge states (with different numbers of
above-threshold isotopic masses). We therefore prefer
standard deviation s as the measure of the deviation
between the experimental and theoretical distribution:
s 5 ˛O ~ Aexpt 2 Atheoret!2N 2 1 (1)
in which Aexpt and Atheoret are the experimental and
theoretical relative abundance of each isotopic mass,
scaled such that the highest relative abundance (exper-
imental or theoretical) in a given charge state distribu-
tion is unity, and N is the number of resolved above-
threshold isotopic masses. The standard deviation
Table 1. Monoisotopic mass (except that iron is 56Fe) and most
abundant isotopic mass for each of four (neutral) heme proteins,
obtained from the Research Collaboratory for Structural
Bioinformatics (RCSB) at http://www.rcsb.org, with PDB file
format. Note: The PIR-International Protein Information
Resource, Entry MYHO (http://www.nbrf.georgetown.edu) file
for horse skeletal myoglobin shows residue 122 as asparagine,
but it should be aspartic acid [44, 45], as noted in the PIR file
header
Monoisotopic
mass (Da)
Most abundant
isotopic mass (Da)
Myoglobin 17,557.143 17,567.170
Cytochrome c 12,352.323 12,359.342
Cytochrome b5 11,119.205 11,125.222
Cytochrome b5 L47R 11,162.223 11,168.239
Figure 1. Isotopic distributions for cytochrome b5: Top: Theoret-
ical for Fe(III) oxidation state. Bottom: Theoretical for Fe(II)
oxidation state. Middle: Experimental electrospray ionization FT-
ICR mass spectrum (SWIFT-isolated 71 charge state). By aligning
the m/z axes of three spectra, we see that the experimental
spectrum matches best to the Fe(III) oxidation state in the holo-
protein.
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criterion automatically scales the result according to the
number of above-threshold isotopic masses, making it
possible to compare confidence levels for different
charge states.
To determine the iron oxidation state, the standard
deviation for a given experimental isotopic distribution
is calculated from eq 1 relative to theoretical distribu-
tions for various oxidation states [Fe(II) and Fe(III) in
this case]. The correct oxidation state is then assigned as
that which gives the smallest standard deviation.
Techniques for Obtaining an Undistorted Isotopic
Distribution
It is essential to produce mass spectra with undistorted
isotopic distributions. For example, Coulombic repul-
sion may distort the isotopic distribution and thus
mislead the interpretation. To reduce the space charge
effects [35, 36], which may distort the relative isotopic
abundances, we first reduce the number of trapped ions
by selective stored waveform inverse Fourier transform
(SWIFT [30, 31]) ejection of all but one charge state. The
electrostatic trapping end-cap potential is kept low (1 V)
to allow ions to spread out axially, thereby further
reducing space charge effects. Low number of ions are
accumulated and trapped in each scan. Use of a large-
bore (10 cm diameter) cylindrical Penning trap further
allows for larger postexcitation ion cyclotron orbital
radius, thereby further reducing ion–ion repulsion. A
high magnetic field (9.4 tesla) ensures high mass resolv-
ing power [37], so that individual isotopic mass signals
do not overlap. Finally, because of the low number of
ions accumulated and trapped per scan, we co-added
500–1000 time-domain ICR data sets to ensure a statis-
tically reliable number of ions of each isotopic mass.
Iron Oxidation State in Heme Holoproteins
Figures 2 and 3 show experimental ESI FT-ICR isotopic
distributions for Mb and Cyt c, along with theoretical
isotopic distributions for Fe(II) and Fe(III), all for 101
charge state. Both Mb and Cyt c are best described with
oxidized iron, Fe(III). Similar comparisons for other
charge states (81, 91, 111, and 121) of the same
proteins (not shown) gave the same results. The stan-
dard deviations between experimental and theoretical
[Fe(II) or Fe(III)] isotopic distributions, averaged over
data from several charge states, are tabulated for all
four heme proteins in Table 2.
It is not surprising that all four holoproteins are
observed in oxidized [Fe(III)] form in the gas phase,
because all are oxidized in solution (as evidenced by a
characteristic dark brown color) on exposure to air [28].
In contrast, Wu et al. electrosprayed a solution of
oxidized cytochrome c and concluded that they had
observed the reduced form in electrosprayed gas phase
ions, based on the mass of the most abundant isotopic
peak in their FT-ICR mass spectrum. The authors went
on to suggest that this reduction during the ionization
process might arise from an intrinsic stability of the
reduced form of cytochrome c in gas phase [21]. Our
results do not support that idea. Our standard devia-
tions for Cyt c with Fe(III) and Fe(II) are 0.06 and 0.87
(see Figure 3 and Table 1), clearly establishing Fe(III) as
the correct oxidation state (confidence level higher than
99%) for iron in gas-phase Cyt c, in agreement with
McLafferty’s prior report [5].
We also examined the single site-directed mutant,
cytochrome b5 L47R, to see if alteration of the heme
pocket surroundings might result in different heme
binding stability and/or iron oxidation state. Its ESI
FT-ICR mass spectrum (Figure 4) shows three major
charge states (71, 81, 91). Figure 4 also shows exper-
Figure 2. Experimental ESI FT-ICR mass spectral segment of
horse skeletal holomyoglobin, showing the 101 charge state. The
solid line is experimental data, whereas the squares and triangles
are the theoretical isotopic relative abundances for [Fe(II) 1
10H]101 and [Fe(III) 1 9H]101. The lower standard deviation
between experimental and theoretical isotopic relative abun-
dances establishes Fe(III) as the correct oxidation state.
Figure 3. Experimental ESI FT-ICR mass spectrum of the 101
charge state of cytochrome c. The solid line is experimental data,
whereas the diamonds and triangles are the theoretical isotopic
relative abundances for [Fe(II) 1 10H]101 and [Fe(III) 1 9H]101.
The lower standard deviation between experimental and theoret-
ical isotopic relative abundances establishes Fe(III) as the correct
oxidation state.
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imental and theoretical [Fe(II) and Fe(III)] isotopic dis-
tributions for the 71 charge state. Interestingly, the
experimental distribution is best described as [Cyt b5
L47R Fe(III) 1 O 1 6H]71. Note that the protein con-
tains an additional oxygen atom, presumably because
of oxidation of a methionine (–S–CH3 3 –S(¢O)–CH3),
as is commonly observed for electrosprayed proteins.
Being able to determine with confidence the protein
monoisotopic mass facilitates identification of other
sequence differences [e.g., glutamic acid (129 Da) vs.
glutamine (128 Da)] or chemical modifications (e.g.,
deamidation, –RNH2 3 –ROH, another 1 Da mass
difference) [38].
Our attempts to detect holohemoglobin (a2b2) and its
heme-bound monomer (a or b) by electrospray mass
spectrometry proved unsuccessful; however, we readily
observed apo-a and apo-b chains (not shown). Al-
though no one has detected the holohemoglobin tet-
ramer (a2b2), Li [20] was able to generate intact a and b
chains in the gas phase.
Finally, we reduced each of the four solution-phase
heme proteins with sodium dithionite [39] under an
oxygen-free atmosphere. Immediately on reduction, the
dark brown color of the ferric state turned into the
reddish-pink color characteristic of the ferrous state and
remained in that state. The solution was loaded into an
airtight syringe and electrosprayed immediately.
Throughout the electrospray process, the spray needle
was protected by dry nitrogen in a sheath gas cap. In
spite of these precautions, each of the four gas-phase
heme holoproteins was observed in its ferric state,
indicating that the heme undergoes rapid oxidation by
residual oxygen in the ionization source and/or octo-
pole ion accumulation region. McLafferty et al. previ-
ously reported similar behavior for cytochrome c.
Iron Oxidation State in Free Heme Following
Infrared Multiphoton Dissociation
We performed infrared multiphoton irradiation on each
of the four gas-phase heme proteins, to look for possible
change in iron oxidation state on dissociation. IRMPD is
a particularly “soft” activation technique, and ions tend
to undergo dissociation through the lowest-energy path
[16, 40, 41]. IRMPD of Mb (Figure 5) and Cyt b5 (not
shown) releases a singly charged free heme ion of 616
Da, namely, [Fe(III)Heme]1; the remaining ApoMb
(Figure 5) or ApoCyt b5 ion loses one positive charge
(from the heme), but no protons. In contrast, IRMPD of
Cyt c releases a singly charged heme ion of 617 Da,
corresponding to singly protonated ferrous heme [Fe
(II)heme 1 H]1. Because the heme is covalently bound
to the protein in holoCyt c, extensive fragmentation is
observed on loss of heme (Figure 6), whereas the
noncovalent Mb (with noncovalently bound heme) ex-
hibits essentially no fragmentation (other than loss of
heme) on IRMPD (Figure 5). These heme products from
IRMPD of myoglobin and cytochrome c agree closely
with those observed by Li et al. by CID [20]. Table 1 lists
Table 2. Experimental iron oxidation states in naked holoproteins (left) and in heme following infrared multiphoton dissociation
(right). The sigma values (middle) represent the standard deviation between the experimental isotopic distribution and that calculated
for either Fe(III) or Fe(II) oxidation state of the holoprotein—note that Fe(III) gives the best agreement for each of the four heme
proteins. (The oxidation state of iron in heme after IRMPD is obtained directly from the most abundant mass.) Each reported
standard deviation represents an average over several charge states of that protein
Holoprotein s[Fe(III)] s[Fe(II)]
Heme from
IRMPD
Myoglobin Fe(III) 0.05 0.92 Fe(III)
Cytochrome c Fe(III) 0.06 0.87 Fe(II)
Cytochrome b5 Fe(III) 0.11 0.65 Fe(III)
Cytochrome b5 L47R Fe(III) 0.04 1.02 Fe(III)
Figure 4. Experimental ESI FT-ICR mass spectrum of the L47R
mutant of cytochrome b5 (bottom), with inset (top) showing a
mass scale expansion of the 71 charge state. The lower standard
deviation between experimental and theoretical isotopic relative
abundances establishes Fe(III) as the correct oxidation state. More-
over, the 16 Da mass shift between experimental and theoretical
isotopic distributions is due to an additional oxygen atom in the
mutant holoprotein, presumably due to oxidation of a methionine,
–S–CH3 3 –S(¢O)–CH3.
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the oxidation state for iron in free heme following
IRMPD of each of the four heme proteins. Note that the
iron oxidation state is conserved on IRMPD except for
Cyt c (whose heme is covalently bound).
It is worth noting that the iron in Cyt c undergoes
reduction during IRMPD. Although Henion observed a
singly protonated Fe(II) heme following CID of Cyt c, it
was not clear whether the reduction occurred during
ionization or fragmentation. Here, we have unambigu-
ously proved that the iron center in Cyt c gains one
electron during dissociation. The mechanism for this
reduction is not readily evident, because it is accompa-
nied by extensive fragmentation, and we cannot iden-
tify appropriate intermediates. In the heme binding
center of Cyt c, His18 and Met80 occupy the distal and
apical positions, respectively, and Cys14 and Cys17
form covalent thioether bonds to the heme group.
Metalloporphyrins have a relatively high electron affin-
ity [42]. Hence it is possible that the porphyrin facili-
tates the reduction of iron center by capturing an
electron during the fragmentation process. At similar
activation energy some metal–ligand complexes (in-
cluding iron complexes) can undergo charge reduction
reactions [43].
Conclusion
We have improved the method originally introduced by
McLafferty [5] for determining the metal oxidation state
in large biomolecules, both before and after dissocia-
tion. Our introduction of a standard deviation criterion
provides a means for choosing the correct oxidation
state, and also yields a confidence level for such deter-
mination. Application of the method to four heme
proteins reveals that all four holoproteins exist in the
oxidized [Fe(III)] form in the gas phase [even when
electrosprayed from a solution in which the protein is in
its reduced [Fe(II)] form. The heme removed by infrared
multiphoton dissociation from all three proteins con-
taining noncovalently bound heme remains as Fe(III),
whereas IRMPD of Cyt c reduces the heme to its Fe(II)
form. It should now be possible and interesting to
explore possible redox chemistry of unhydrated gas-
phase proteins.
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